Purpose Associations between sun exposure (a primary source of vitamin D) and risk of ovarian cancer have been inconsistent. Furthermore, studies have not investigated whether sun exposure at different periods in the lifetime of a person results in differences in risk associations, and little is known about differences according to histological subtype. Methods Using a population-based case-control study of 1,334 non-Hispanic white women diagnosed with epithelial ovarian cancer in western Washington State between 2002 and 2009 and 1,679 non-Hispanic white controls, we assessed the relation of epithelial ovarian cancer with constitutional pigmentation characteristics, sun exposure behaviors, and an index of ultraviolet (UV) exposure based on residential history. Information was collected through in-person interviews. Logistic regression was used to compute odds ratios, 95 % confidence intervals, and trend p values (P trend ). Results We noted no association with residence-based measures of UV exposure or self-reported sun exposure, either over the lifetime or within specific age intervals. Also, we observed little evidence of association between constitutional pigmentation characteristics and risk, save for a suggestion of increased risk among women who reported increased ability to suntan upon prolonged sun exposure (P trend = 0.03). Conclusions Results from this study suggest that sun exposure has little influence on the risk of epithelial ovarian cancer. Additional studies in populations with a wider gradient of sun exposure may yet be warranted.
Introduction
Ecological studies comparing rates of ovarian cancer in higher versus lower latitudes suggest a relationship between increasing sun exposure and decreasing incidence of ovarian cancer [1] [2] [3] . It is known that exposure of the skin to solar UV-B radiation produces circulating vitamin D, as measured by the 25-hydroxyvitamin D (25(OH)D) metabolite in serum [4] , and that sun exposure is the largest source of vitamin D for most people [5] . Experimental studies indicate that higher levels of vitamin D decrease cell proliferation and induce apoptosis in ovarian tissue [6, 7] . Despite these observations, the findings of epidemiological studies examining the relation of sun exposure or vitamin D levels in blood with risk of ovarian cancer have been inconsistent [8] [9] [10] [11] [12] [13] . A study of 516 cases and 770 matched controls nested within a pool of seven prospective studies reported no overall association between circulating 25(OH)D levels and the risk of epithelial ovarian cancer [13] , while a subsequent comparison within the National Health and Nutrition Examination Survey (NHANES) found lower levels of 25(OH)D among women with a history of ovarian cancer (n = 28) than among 7,245 women without such a history [8] . No study has yet explored the possible effects of sun exposure early in life as compared to sun exposure close to the diagnosis of ovarian cancer, as has been done in other cancers [14] [15] [16] , and few studies have assessed differences in risk according to histological subtype [12] .
Using data from a large population-based case-control study, we examined associations of constitutional pigmentation characteristics, self-reported sun exposure, and residential-history-based measures of potential UV exposure with risk of epithelial ovarian cancer. We further explored the extent to which early-life and close-todiagnosis measures of sun exposure influence this risk and characterized associations according to histological subtype.
Methods
A population-based case-control study was conducted among residents of 13 counties of Western Washington State. Eligible cases were women diagnosed with primary (borderline or invasive) epithelial ovarian cancer between 1 January 2002 and 31 December 2009 and were able to communicate in English. From 2002 to 2005, women aged 35-74 years were considered eligible, and from 2006 to 2009, women aged 35-69 years were eligible. They were identified through the Cancer Surveillance System (CSS), a population-based cancer registry participating in the Surveillance, Epidemiology, and End Results Program of the National Cancer Institute [17] ; of the potentially eligible women, 61 cases were excluded due to a language barrier. Of the 2,025 eligible cases, 1,502 (74.2 %) were interviewed and 1,108 had invasive disease and 394 had borderline tumors. Histologic type was collected and coded by the CSS using the International Classification of Diseases for Oncology (ICD-O) morphology codes [18] and grouped according to the guidelines of the WHO [19] as serous, mucinous, endometrioid, clear cell, and ''other'' epithelial tumors (comprised largely of unspecified adenocarcinoma and carcinoma).
Controls were selected from among English-speaking women with no prior history of ovarian cancer and at least one intact ovary who resided in the 13-county area covered by the CSS. Random digit dialing (RDD) methods were used, with stratified sampling in 5-year age categories and two county strata. From 2002 to 2005, a 2:1 ratio of controls (35-74 years of age) to women with invasive ovarian cancer was selected using the Waksberg-Mitofsky RDD method [20, 21] All women provided signed, informed consent before participating in the study, which was approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Center. In-person interviews were conducted in relation to events that occurred before a woman's diagnosis/reference date and included demographic and lifestyle factors, family history of cancer, and reproductive history. Multiple measures related to pigmentation characteristics and sun exposure were collected, including tendency to sunburn on first exposure to summer sun and ability to suntan after prolonged sun exposure, as well as measures of sun-related behaviors. Information on sun exposure behaviors was collected for each 10-year age period, starting in the teens. Specifically, subjects were questioned about the time spent in the midday sun during the summer months, the months per year with a tan, and the use of sunscreen in the midday sun. A weekly weighted average of daily (summer) sun exposure within each 10-year age period was computed based on questions in which women separately reported time spent in the midday sun on weekends and weekdays.
Place of residence (as city, within state or country) was obtained for locations where participants had lived for at least a year after age 25 as well as the age intervals lived at each location. These residential data were linked to latitude and longitudes, which were then linked to a 5-year averaged daily summary measure from NASA's Total Ozone Mapping Spectrometer (TOMS) satellite from 1987 to 1992 (http://ozoneaq.gsfc.nasa.gov/TOMSUVExposure.md) to compute an index of erythemal exposure (EE). EE is a measure of the potential for biologic damage due to solar radiation and is computed for every 1°latitude by 1.25°l ongitude; factors taken into account include the distance from the sun to the earth, the biological action spectrum for erythemal damage, cloud cover, total column ozone, solar zenith angle at a particular time, and the spectral irradiance at the earth's surface under clear skies [23] . As examples, the EE value for Seattle, WA, USA, is 1897; low EE areas include Vancouver, BC, Canada (EE value, 1599), and Anchorage, AK, USA (983); high EE areas include Los Angeles, CA, USA (3548), and Miami, FL, USA (4036) [23] . For analysis, we computed the mean EE based on residential history from age 25 to 1 year before the diagnosis or comparable reference date, as well as the mean EE in the 10 years prior to this latter time point.
Given that production of vitamin D from sunlight is influenced by skin pigmentation, which is correlated with race, analyses were restricted to non-Hispanic whites (1,334 cases (88.8 % of those interviewed) and 1,679 controls (90.8 % of those interviewed)). Unconditional logistic regression was used to compute odds ratios (OR) and 95 % confidence intervals (CI). OR were adjusted by the matching variables (age at diagnosis/reference date categorized in 5-year intervals, year of diagnosis/reference date, and county of residence) as well as the number of full-term pregnancies and duration of use of hormonal contraceptives. Adjustment for additional potential confounders including body mass index (BMI), tendency to burn upon first seasonal (summer) sun exposure, ability to tan after prolonged sun exposure, and mean EE levels did not substantially change the OR we report and thus were not included in the final models. Trend p values were obtained as the p-value associated with the corresponding continuous variable in the logistic model. For the EErelated variables, the trend p values were computed considering the category with the lower level as the reference category. For examination of risk within histologic subtypes of invasive cancers, we excluded women with mucinous cancers as there were too few for meaningful analysis. All analyses were done using the STATA software package (version 10.1, STATA Corporation, College Station, TX) for Macintosh.
Results
Cases were less likely to have had a full-term pregnancy, to have taken hormonal contraceptives, or to have undergone tubal ligation (Table 2 ). In addition, cases tended to report a higher BMI.
In general, there were no clear differences in pigmentation characteristics, including natural skin color, natural hair color, and natural eye color, between cases and controls, either overall or when borderline and invasive tumors were considered separately (Table 3 ). Relative to women who reported no ability to tan after prolonged sun exposure, women who reported moderate or deep degrees of tanning after such exposure were at a modestly increased risk of ovarian cancer (P trend = 0.03). Average EE levels (based on place(s) of residence) from age 25 to the diagnosis/reference date minus 1 year ranged from 1,109 to 4,158 among cases and from 1,127 to 4,321 among controls, with the median value of 1,897 for both groups. Average EE levels in the decade before the diagnosis/reference date minus 1 year ranged from 1,249 to 3,771 among cases and from 1,123 to 3,769 among controls, with the median value of 1,897 for both groups. Neither measure was associated with ovarian cancer risk (Table 3) . These results changed only slightly when additionally adjusted for tendency to burn, ability to tan, and/or BMI. Table 4 shows the association between behavioral sun exposure factors and risk of invasive ovarian cancer separately for two different age intervals. While we observed age-related differences in self-reported sun exposure (e.g., only 10.1 % of cases and 9.5 % of controls reported having less than 1 h/day of daily summer sun exposure during the teenage years, while 45.5 % of cases and 42.6 % of controls reported degree of exposure in the decade prior to the diagnosis/reference date; 15.6 % of cases and 17.3 % of controls reported not having a sun tan during the teenage years, versus 30.4 % of cases and 28.8 % of controls reported no tan in the decade prior to the diagnosis/reference date) and in the use of sunscreen (83.6 % of cases and 84.1 % of controls reported not using sunscreen during the teenage years, compared to 31.4 % of cases and 29.0 % of controls in the decade prior to the diagnosis/reference date), no associations were observed between these factors and risk of invasive ovarian cancer in either period. When we combined the weekly average of sun exposure in summer months with the use of sunscreen, we again did not observe any associations with the risk of ovarian cancer, although the numbers in the individual exposure categories were relatively small for this analysis (data not shown).
We observed little evidence that associations with pigmentation characteristics or EE levels varied markedly by histologic subtype of invasive disease (Table 5 ). Relative to women who reported no ability to tan after prolonged sun exposure, increased risks were noted in women who reported a greater ability to tan for serous cancers, while little evidence of similar risk increases was noted for the combined group of endometrioid/clear cell cancers or for ''other'' epithelial cancers. Although risk of serous cancers was weakly increased among women with increasing EE (P trend = 0.06), the direction of this effect was opposite to what had been hypothesized, assuming that increased EE indicates increased vitamin D synthesis from ultraviolet exposure. In additional stratified analyses, we noted no differences in associations of ovarian cancer risk with behavioral or residence-based measures of sun exposure when we restricted our analyses to groups of women who reported no or mild ability to tan versus women who tanned moderately or deeply (data not shown).
Discussion
This study assessed the relationship between sun exposure and ovarian cancer, using sun exposure as a surrogate of the availability of endogenous vitamin D. For the majority of people, vitamin D is principally synthesized from sun exposure [25] , and so sun-related behaviors as well as phenotypic characteristics that are associated with UVlight absorption likely correlate with endogenous levels of vitamin D [26] . Little evidence was found of an association of ovarian cancer risk with either the different measures of pigmentation or the residence-based and behavioral measures of sun exposure in our study.
However, our study may be subject to several limitations. Not all eligible cases or controls could be enrolled; our risk estimates could be influenced if those who chose 23:1985-1994 1989 not to participate differed from the study subjects in factors related to sun exposure. Errors in reporting pigmentation characteristics, residential history, and other sun-related behaviors could also affect our results. While there is little reason to expect that cases and controls would differ in the accuracy of self-report of these exposures (given the limited extent to which they have been addressed in prior ovarian cancer studies), such errors in reporting could nevertheless result in non-differential misclassification. Some evidence suggests that although sun exposure behaviors may seem difficult to recall throughout the lifetime of a person, information obtained using standardized interview instruments can provide a valid measure of cumulative sun exposure [24] . Another potential source of bias could be a lack of sun exposure among cases in the months immediately preceding diagnosis due to ill health attributable to the presence of the cancer, which could lead to apparent risk increases associated with reduced sun exposure, particularly for the behavioral measures. We therefore attempted to diminish any influence of such bias by considering only exposure up to 1 year before the diagnosis/reference date when this was possible. Also, it is possible that unknown or unmeasured confounders could have biased our results. A large proportion of both cases and controls, particularly in the decade preceding the diagnosis or reference date, had average EE levels equivalent to the EE for the Seattle area, WA, the population center for our study. While little evidence of differences in risk was noted for women who resided either in areas of greater or lesser EE, it is possible that associations with residence-based measures of UV exposure may be more clearly linked with risk in other regions or populations, particularly if study populations with a greater extent of variation in EE levels can be observed.
The present study differs in several aspects from the previous analytic epidemiologic studies of ovarian cancer risk associated with measures of vitamin D. Most of the previous studies were based on circulating levels of vitamin D (see review [27] ) based on a single measurement [8, 13] . Although circulating levels of 25(OH)D have been observed to be stable for about 5 years [28] , vitamin D levels are nevertheless expected to vary over the lifetime, given that sun exposure behaviors are very different during the lifetime of a person, as observed in our Table 4 . Since the relevant period of exposure influencing the risk of ovarian cancer is unknown, studies based on circulating levels of vitamin D are limited by looking at the exposure at a single point in time. Our study, in contrast, was able to look at behavioral measures of sun exposure over two different periods, and at residential history throughout adulthood. In particular, we were able to look at sun-related behaviors such as time spent in the summer sun early in Table 3 life, which has been observed to be relevant in other cancers [29] . Studies based on the intake of vitamin D might suffer by not having an accurate assessment of circulating vitamin D levels (as well as differences in this exposure over the lifetime), given that for most people dietary vitamin D represents only a small source of circulating levels of 25(OH)D [5] . The current study further differs from previous ovarian cancer studies of sun exposure in the use of a sun exposure index computed through linking an individual's residential history, assessed at the city level, with objective measures of UV irradiance measured at each 1°latitude and 1.25°longitude. This finer level of detail contrasts with a case-control study on ovarian cancer mortality in which state-level data on place of residence were more broadly categorized as low/medium/high annual mean daily solar radiation [1] . Despite the examination of several measures thought to be correlated with vitamin D synthesis through sun exposure, we found little evidence of association with ovarian cancer risk. Relative to women who reported that they did not tan with prolonged sun exposure, women who were more likely to tan were at increased ovarian cancer risk. Due to the number of tests performed, this association could be due to chance; if not, this increased risk may reflect a lesser extent of vitamin D synthesis among women in whom more melanin pigment is produced with sun exposure. Risk estimates for variables that examined behavioral measures of sun exposure were similarly null whether exposures were assessed in the teen years or in the recent past, and a lifetime (after age 25) summary variable of EE also failed to detect risk reductions with increased potential sun exposure based on place of residence. While some evidence of a trend in risk associated with EE was noted among women with serous invasive cancer, this association was in the direction opposite to what was hypothesized and may be due to chance. Our results add to the lack of consistent evidence of the relationship between sun exposure and the incidence of ovarian cancer. The EE value for Seattle area, WA, USA, is 1897
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